Photoperiod has been known to regulate flowering time in many plant species. In Arabidopsis, genes in the long day (LD) pathway detect photoperiod and promote flowering under LD. It was previously reported that clavata2 (clv2) mutants grown under short day (SD) conditions showed suppression of the flower meristem defects, namely the accumulation of stem cells and the resulting production of extra floral organs. Detailed analysis of this phenomenon presented here demonstrates that the suppression is a true photoperiodic response mediated by the inactivation of the LD pathway under SD. Inactivation of the LD pathway was sufficient to suppress the clv2 defects under LD, and activation of the LD pathway under SD conditions restored clv2 phenotypes. These results reveal a novel role of photoperiod in flower meristem development in Arabidopsis. Flower meristem defects of clv1 and clv3 mutants are also suppressed under SD, and 35S:CO enhanced the defects of clv3, indicating that the LD pathway works independently from the CLV genes. A model is proposed to explain the interactions between photoperiod and the CLV genes.
B
EING sessile, plants have developed mechanisms to cient to cause day-neutral early flowering (Onouchi et al. 2000) . Another red/far-red photoreceptor, PHYTOdetect and respond to a wide range of environmental changes. These changes include photoperiod, which CHROME B (PHYB), inhibits flowering, and phyB mutants flower earlier than wild type under both LD and is the length of light and dark periods each day (reviewed in Thomas and Vince- Prue 1997) . In many habitats, SD (Reed et al. 1993) . Investigations into phyB mutants indicate that the early flowering of phyB is partially dephotoperiod becomes longer from spring to summer and becomes shorter from fall to winter. Photoperiod is pendent on CO and that PHYB regulates CO protein, but not mRNA, levels (Putterill et al. 1995 ; Blazquez therefore a good indicator of impending environmental changes, such as a drop in temperature, and it is not and Weigel 1999; Valverde et al. 2004) . The circadian clock is also involved in measuring photosurprising that plants use photoperiod to control their flowering time.
period. Mutations in GIGANTEA (GI) and EARLY FLOW-ERING 3 (ELF3) genes affect both circadian rhythms and Arabidopsis thaliana is a facultative long day (LD) plant whose flowering is delayed under short day (SD) condiflowering time (Koornneef et al. 1991; Hicks et al. 1996; Zagotta et al. 1996; Park et al. 1999) . gi mutants show tions. Molecular genetic analyses using Arabidopsis have identified genes involved in detecting photoperiod (reday-neutral late flowering and elf3 mutants show dayviewed in Reeves and Coupland 2000) . Loss-of-function neutral early flowering. CO mRNA level is circadian mutations in CRYPTOCHROME2 (CRY2), CONSTANS regulated, and its abundance is decreased in gi mutants (CO), and FLOWERING LOCUS T (FT) genes cause aland increased in elf3 mutants (Suarez-Lopez et al. 2001) . most day-neutral late flowering, indicating that these GI encodes a nuclear protein of unknown function and genes normally promote flowering in response to LD.
ELF3 encodes a novel nuclear protein that may be a CRY2 is a photoreceptor for blue light, which protranscription factor (Fowler et al. 1999; Park et al. 1999 ; motes flowering in Arabidopsis (Guo et al. 1998) . CRY2
Huq et al. Hicks et al. 2001) . Thus, photoreceptors is a positive regulator of CO activity (Suarez-Lopez et al. and circadian clock-related genes seem to promote 2001; Yanovsky and Kay 2002) . The CO gene encodes a flowering by upregulating CO in response to LD condizinc-finger protein and CO mRNA is more abundant in tions (Suarez-Lopez et al. 2001; Valverde et al. 2004) . plants under LD than under SD, indicating that CO Recent studies have shown that CO directly activates transcript accumulation is promoted by LD signaling transcription of several genes including FT (Samach (Putterill et al. 1995) . Overexpression of CO is suffiet al. 2000) . FT encodes a protein with similarity to a membrane-associated mammalian protein (Kardailsky et al. 1999; Kobayashi et al. 1999) . It is not known how MATERIALS AND METHODS in many plant species (Thomas and Vince- Prue 1997) . After the induction of floral primordia, the flower meri- ever, little is known at the molecular genetic level how
Plant material: and photoperiod affects flower meristem development. (Kayes and Clark 1998). Because clv2 null alleles are suppressed (Jeong et al. 1999) , the mechanism of sup-RESULTS pression must act not on CLV2, but on other genes regulating flower meristem development. This unique The suppression of clv2 phenotypes is a true photophenomenon seems to indicate a hidden role of photoperiod response: To test if the suppression of clv2 under period in flower meristem development because there SD was a true photoperiod response or the consequence is no apparent difference in wild-type flowers under LD of reduced light energy, we used a night-break treatment or SD. In addition, because it occurs in the clv2 mutant in which the long night period is broken with a brief background, genes involved in the suppression may inlight treatment. Night break has been used to mimic teract with the CLV signaling pathway. We have conthe effect of LD, without significantly increasing light ducted a detailed analysis of this phenomenon and reenergy (Reed et al. 1994) . Night-break treatment added port here that the clv2 SD suppression is regulated by to SD photoperiod promotes flowering in plants that genes in the LD-dependent flowering pathway that may normally flower in response to LD (Thomas and VincePrue 1997). target proteins downstream of the CLV genes. (90) a Values represent the mean number of carpels per flower Ϯ95% C.I. Total number of flowers analyzed is given in parentheses. Only the first 10 flowers of any given plant were analyzed.
Wild-type and clv2-1 plants were first grown under SD early flowering phenotype of spy-1 hy2 double mutants (Koornneef et al. 1980; Jacobsen et al. 1996) . This for 5 weeks. The 16-hr night periods were then interrupted by low-fluence red light treatment (night break). As actually makes the spy-1 allele a better control for our analysis because spy-1 hy2 flowers nearly as early as elf3-1. expected, the treatment induced flowering. While wildtype flowers were unaffected by the night-break treatUnder our growth conditions, clv2-1 elf3-1 and clv2-1 spy-1 hy2 flowered with 2.13 Ϯ 0.135 (n ϭ 69) and 2.83 Ϯ ment, the suppression of the clv2-1 flower phenotype was clearly disrupted by the treatment (Table 1 ). The 0.238 (n ϭ 65; mean Ϯ95% C.I.) leaves under SD, respectively. clv2-1 flowers in SD plus night break showed mutant phenotypes similar to LD-grown clv2. These results demWhen these genetic combinations were analyzed under SD, clv2-1 elf3-1 flowers showed dramatic restoration onstrate that it is photoperiod conditions and not other aspects of growth under SD that are responsible for the of clv2 flower meristem defects (Table 2) . clv2-1 phyB-5 flowers displayed a weaker restoration of clv2 phenoclv2 phenotypic suppression.
The SD suppression of clv2 phenotypes is dependent types, which is consistent with the observation that phyB plants still show some response to LD, indicating the on ELF3 and PHYB: Next we sought to identify genes involved in the suppression of clv2 phenotypes under LD pathway is still partially active phyb mutants (Reed et al. 1994) . clv2-1 spy-1 hy2 plants showed no reversion SD. Obvious candidates were the genes in the LD pathway for induction of flowering as they are involved in of the suppression despite flowering as early as clv2-1 elf3-1 plants, demonstrating that it is not early flowering detecting LD photoperiod. Mutations in these genes do not delay flowering under SD, indicating that the LD per se but activation of the LD pathway that is responsible for the reversion of clv2 phenotypes. Therefore, the pathway is not active under SD (Reeves and Coupland 2000) . We hypothesized that the inactivation of the LD repression of the LD pathway by the ELF3 and PHYB genes is critical for the suppression of clv2 flower meripathway is responsible for the suppression of clv2 flower meristem defects under SD.
stem defects under SD. Under LD, all of the early flowering mutations showed ELF3 is known to repress the LD pathway. elf3 mutants exhibit constitutive activation of CO and photoperiodadditive interactions with clv2 except spy-1 hy2. Flowers of clv2-1 spy-1 hy2 are more sterile than spy-1 hy2, and insensitive early flowering (Zagotta et al. 1996; SuarezLopez et al. 2001) . If clv2 phenotypes require the LD the carpels are severely malformed (data not shown). The LD pathway is required for clv2 defects under pathway, then clv2-1 elf3-1 double mutants would be expected to exhibit clv2 flower meristem phenotypes in LD: If inactivation of the LD pathway is responsible for the suppression of clv2 flower meristem defects under SD. clv2-1 phyB-5 double mutants were also assessed, because PHYB may be involved in repression of CO activity SD, then genetically inactivating the LD pathway in a clv2 background should suppress the clv2 flower phenounder SD (Putterill et al. 1995) . As a control for early flowering per se, we used a mutation that is known to types. To test this idea, we made double mutants between clv2-1 and mutations in the LD pathway, co-6, gi-6, cause early flowering through different mechanisms. Mutations in the SPINDLY (SPY) gene display phenofha-1, and ft-1. Our hypothesis predicts that clv2 flowers would be suppressed even under LD in these mutant types related to constitutive GA signaling, including early flowering (Jacobsen and Olszewski 1993). The backgrounds. While these mutations cause late flowering only under LD, mutations in the FCA gene delay spy-1 allele was chosen because it has the strongest flowering phenotype. However, it was later reported that flowering under both LD and SD (Koornneef et al. 1991; Macknight et al. 1997) . Because fca mutants are this allele carries a mutation in a linked gene LONG HYPOCOTYL 2 (HY2; Jacobsen et al. 1996) . HY2 gene still responsive to LD, we used fca-6 to distinguish between general flowering delay and photoperiod effect. encodes phytochromobilin synthase, which makes the chromophore for phytochromes (Kohchi et al. 2001) .
When the double mutants were assessed under LD photoperiod, all of the mutations in the LD pathway Because hy2 mutants flower early and spy-1 hy2 flowers earlier than spy null alleles, synergistic effect between strongly suppressed clv2 flower phenotypes (Table 3) . The observation that co-6 strongly, but not completely, hy2 and spy is likely to be responsible for the strong suppressed clv2 phenotypes may be due to the fact that mean would be 2.13 carpels per flower. Moreover, the presence of valveless flowers in these double mutants co-6 is not a null allele (Robson et al. 2001) . The clv2-1 ft-1 double mutant displayed a phenotype most similar reveals that not all clv2 defects are suppressed by inactivation of GI or FHA. to the wild type, with nearly all flowers composed of two carpels and with the absence of a valveless phenoclv1 and clv3 flower meristem defects are suppressed under SD: On the basis of analysis of clv1-6 and clv3-1 type (see below). In contrast, the fca-6 mutation only weakly modified the clv2 phenotype (Table 3) . The weak alleles, it had been previously proposed that the SD suppression was specific to clv2 (Kayes and Clark 1998). suppression by fca-6 could be explained by recent data that FT mRNA level is reduced in fca mutants, which
In light of the recent determination of the dominantnegative character of most clv1 alleles (Dievart et al. indicate cross-talk between FCA and the LD pathway (Samach et al. 2000) . These results show that the inacti-2003), we repeated these experiments on a larger scale. A variety of clv1 and clv3 alleles were assessed in detail vation of the LD pathway is sufficient to cause suppression of clv2 flower meristem defects.
under LD and SD growth conditions (Table 4 ). The clv1-7 allele, which encodes a protein without the kinase One factor to consider when looking at the mean carpel number is the valveless phenotype of clv2. This domain, and three T-DNA insertion null alleles of clv1 were all suppressed under SD (Table 4) . Flowers of clv3-1 phenotype is variably expressive and can be enhanced in certain genetic backgrounds (Kayes and Clark 1998).
and clv3-3 plants also showed suppression under SD (Table 4). These results clearly show that the SD suppression Because valves are scored to determine the numbers of carpels present within a gynoecium, flowers with one occurs in clv1 and clv3 plants as well as clv2 plants. 35S:CO affects flower meristem development indeor zero valves could affect the mean carpel number. For example, both clv2-1 gi-6 and clv2-1 fha-1 flowers pendent of CLV3: It has been reported that the 35S:CO plants develop flowers that exhibit clv phenotypes exhibited a low, but significant level of valvelessness (Table 3 ). This slightly exaggerates the level of clv2 sup- (Onouchi et al. 2000) . To investigate this in detail, we examined the mean carpel number of the 35S:CO pression caused by these two mutations. If only clv2-1 gi-6 flowers with two or more carpels were included, the flowers under LD and SD, revealing a significant in- sion. This is not due to the fact that their defects are b Values represent the mean number of carpels per flower Ϯ95% C.I. Total number of flowers analyzed is given in parenmore severe than those of the null alleles because the theses. Only the first 10 flowers of any given plant were anaclv3-1 allele that is stronger than clv1-1 is well suppressed lyzed. Results from several different experiments were com- (Table 4 ). These results indicate that the clv1-6 and clv1-1 bined.
proteins are interfering with protein(s) required for the SD suppression.
This idea is further supported by analysis of the clv1-crease in mean carpel number (Table 5 ). This CO gain-10 allele. clv1-10 was isolated as an intragenic enhancer of-function phenotype is consistent with our data that of clv1-1 and has an even stronger dominant-negative co loss-of-function mutations suppressed clv2 flower mereffect as a result of a second missense mutation in the istem defects (Table 3 ). The 35S:CO flowers did not LRR domain (Dievart et al. 2003) . clv1-10 flowers were show obvious suppression under SD, consistent with our found to have 7.57 carpels per flower under LD, making model that the LD pathway needs to be inactive for it the clv1 allele with the strongest flower phenotype the SD suppression (Table 5) . CO is known to directly (Table 4) . Because clv1-10 is stronger than clv3-2 single activate transcription of FT and other genes (Samach mutants and all previously characterized clv1 clv2, clv1 et al. 2000) . Interestingly, the ft-1 mutation suppressed clv3, and clv2 clv3 double mutants, clv1-10 protein the Clv Ϫ phenotype of 35S:CO plants (Table 5) , indicatshould be interfering with factors outside the CLV pathing that FT is largely necessary for CO to regulate flower way. These results suggest that the clv1-10 protein and meristem development. Consistent with this, we found the LD pathway may be acting on the same target. In that 35S:FT plants also display weak Clv Ϫ flowers (Table 5) . this regard, it is interesting that the average carpel numTo determine if 35S:CO was acting to inhibit the CLV ber of clv1-10 mutants closely matches with that of pathway or acting independently, we generated 35S:CO 35S:CO clv3-2 double mutants ( Table 3 ). (540) a Values represent the mean number of carpels per flower Ϯ95% C.I. Total number of flowers analyzed is given in parentheses. Only the first 10 flowers of any given plant were analyzed. Results from several different experiments were combined. studies of clv mutants, it has been a standard procedure type because of the difference in the intensity of LD signaling between our LD growth conditions (constant to score the first 10 flowers per plant for severity of flower phenotypes. However, during our studies with light) and the simulated LD growth conditions (SD plus night break). clv2 plants under SD, we noticed that at the top of the inflorescence, flowers display the clv2 phenotype. To Genes in the LD pathway are critical for the suppression: Our genetic analyses strongly indicate that the determine the exact pattern of the suppression, all of the flowers along the inflorescences were scored and SD suppression occurs because the genes in the LDdependent flowering promotion pathway are not active compared (Table 6 ). Flowers from position 11 to 20 showed less suppression compared to the first 10 flowunder SD. Constitutive activation of the LD pathway by the elf3-1 mutation was sufficient to block the suppresers. When the most acropetal 10 flowers, not overlapping with the flowers 11 to 20, were counted, these sion under SD (Table 2) , and inactivation of the LD pathway by cry2-1, gi-6, co-6, and ft-1 mutations was suffiflowers were similar to LD-grown clv2 flowers. These results clearly show an acropetal gradient of the supprescient to cause the suppression even under LD (Table 3) . These results also indicate that the LD pathway normally sion along the inflorescences of clv2 plants. Similar gradients were seen along the inflorescences of clv1 or clv3 maintains clv2 flower phenotypes under LD conditions. Moreover, we found that the SD suppression is not speplants under SD and in clv2 double mutants with co-6, ft-1, gi-6, cry2, and fca-1 mutants under LD (data not cific to clv2 mutants (Table 4) . It is likely that the suppression of clv1 and clv3 flower meristem defects under shown).
SD is mediated by the inactivation of the LD pathway as well. In this model, the LD pathway can be thought DISCUSSION of as an enhancer of clv mutant phenotypes. The fact that the effect of photoperiod can be seen only in clv Photoperiod regulates flower meristem development mutant backgrounds indicates that the proposed WUS/ in Arabidopsis: In Arabidopsis, photoperiod is known CLV3 feedback loop (Schoof et al. 2000) may normally to play a major role in promoting the transition to flowmask the effect of photoperiod on flower meristem deering (Koornneef et al. 1998; Levy and Dean 1998;  velopment.
Pineiro and Coupland 1998). The results reported
Our results show that photoperiod regulates flower here demonstrate that photoperiod has a novel role meristem development in Arabidopsis through activities in flower meristem development in Arabidopsis. The of the LD pathway genes such as FT. However, these suppression of clv2 flower meristem defects under SD is genes may respond to other physiological cues in addia true photoperiodic response because the night-break tion to photoperiod. Therefore, it would be expected treatment reversed the effect of SD (Table 1 ). The rethat anything that affected the activity of FT would inquirement of an unbroken night period is the hallmark fluence flower meristem development in Arabidopsis. of photoperiodic responses (Thomas and Vince-Prue
In this regard, we propose that the weak suppression 1997). Because the night break did not lead to the full of clv2 phenotypes by fca-6 is due to the partial control clv2 Ϫ phenotype, one may argue that the suppression of FT expression by the FCA gene (Samach et al. 2000) . is a function of the age of the plants and not the photoMultiple roles of the LD pathway during Arabidopsis period (i.e., the longer clv2 plants grow before flowflower development: CO encodes a putative transcripering, the more suppressed the phenotype will be).
tion factor that directly activates transcription of FT and However, previous analysis of the suppression by SD to other genes (Samach et al. 2000) . ft mutations partially LD transfer does not favor this explanation. When clv2 suppress the early flowering of the 35S:CO plants, indiplants were transferred after flowering under SD to LD, cating that CO promotes flowering through FT. Our the emerging flowers rapidly reverted back to mutant studies using both loss-of-function and gain-of-function phenotypes, strongly indicating that the age of the plant mutants revealed that CO and FT play an additional role does not matter (Kayes and Clark 1998) . Rather, it is likely that the night break led to a weaker Clv Ϫ phenoin flower meristem development (Tables 3 and 5 ). The ft-1 mutation suppressed the Clv Ϫ phenotypes of 35S:CO flowers, indicating that CO regulates flower meristem development through FT. However, 35S:FT phenotypes were much weaker than those of 35S:CO (Tables 3 and  5) , while 35S:FT plants flower as early as 35S:CO (Kardailsky et al. 1999; Kobayashi et al. 1999) . These results suggest that CO and FT may employ different mechanisms to regulate flowering time and flower meristem development or that the threshold of activity for flower induction and meristem regulation may be different.
Another role of CO has been described in previous studies on the agamous (ag) mutants that make indeterminate flowers (Okamuro et al. 1996) . Under SD, the ag flowers revert to shoots. This floral reversion also occurs in co ag double mutants under LD (Mizukami and Ma 1997) , indicating that the CO gene has a role in maintaining flower meristem identity. Although co mutations cause both the floral reversion in ag and the suppression of flower meristem defects in clv2, the suppression of the flower meristem defects is not due (Okamuro et al. 1996) , these mutations did not block FT to promote flowering. We propose that this LD pathway represses activity of the hypothetical FRK to regulate flower the suppression of clv2 under SD (Table 2; Consistent with these roles, overexpression of CO causes day-neutral early flowering, a terminal flower at the shoot apex, and flowers with Clv Ϫ phenotypes, respectively specifically from the shoot apical meristems of strong clv mutants (K. A. Green and S. E. Clark, unpublished (Onouchi et al. 2000) . Many LD pathway components seem to be conserved for all three processes, although data), but this should not affect the model because the WUS downregulation does not occur in clv flower differences in the terminal targets of the pathway are likely in each case.
meristems.
The observations on the behavior of clv1 dominant-A genetic model for photoperiodic control of flower meristem development: On the basis of our results, we negative alleles suggest an interesting hypothesis on how the LD pathway may regulate WUS in the flower meripropose a model to explain how photoperiod regulates flower meristem development in Arabidopsis (Figure 1) . stem. While clv1 null alleles were clearly suppressed, the clv1 dominant-negative alleles showed much reduced SD suppression of mutants of all three clv loci shows that CLV1, CLV2, or CLV3 are not essential for the or no suppression of their flower meristem defects (Table 4). It was proposed that the products of the clv1 suppression (Table 4) . Available evidence so far strongly suggests that for meristem development CLV1 and dominant-negative alleles interfere with additional receptor kinase(s) that are functionally redundant with CLV2 receptors cannot signal in clv3-2 mutant background (Kayes and Clark 1998; Brand et al. 2000) .
CLV1 within the meristems (Dievart et al. 2003) . Absence of the SD suppression may also occur because the Therefore, the clear enhancement of clv3-2 phenotypes by 35S:CO suggests that the LD pathway can function clv1 dominant-negative products interfere with receptor kinase(s). In this scenario, a putative flower receptor in the absence of CLV signaling (Table 5 ). The CLV genes eventually regulate transcription of the WUS gene, kinase (FRK) is inhibited by the LD pathway. Under SD (when the LD pathway is inactive) the FRK would be which is required for stem cell specification at the meristem (Brand et al. 2000; Schoof et al. 2000) . wus muactivated and mask the loss of CLV pathway activity. clv1 dominant-negative alleles will not be phenotypically tants are unable to initiate or maintain meristems and are epistatic to clv mutations (Laux et al. 1996 ; Schoof et suppressed because their gene product interferes with the putative FRK. This putative FRK may be specific to al. 2000) . This model would predict that wus mutations should be epistatic to 35S:CO. In this scenario, signals the flower meristem because the shoot meristem defects are not suppressed under SD (Kayes and Clark 1998; from the LD pathway and the CLV genes may converge to regulate WUS expression and/or function (Figure 1) . Figure 1 ). We would hypothesize that clv1-10 protein would interfere with the function of the flower-specific We have recently observed that WUS expression is lost FRK. Interestingly, while clv1-10 flower defects were 1997). Later-arising flowers exhibit typical ag phenotypes. In leafy mutants, while early arising flowers demore severe than those of clv3-2 plants, the shoot meristem defects of clv1-10 plants were less severe than those velop as shoots, later-arising flowers exhibit more and more floral characteristics (Schultz and Haughn 1991; of clv3-2 plants (data not shown), indicating that clv1-10 protein likely interacts with a flower-specific factor Weigel et al. 1992) . It is not clear whether this acropetal increase of flower meristem identity is related to the outside of the CLV pathway. Recent expression profiling has revealed that the expression of many genes is acropetal loss of the SD suppression. altered by photoperiod induction (Schmid et al. 2003) .
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